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carbohydrates and metabolic intermediates by piliated and nonpiliated bacteria. J. Bacteriol. 84:416-421. 1962 .-The rate of aerobic and anaerobic metabolism of piliated and nonpiliated bacteria was studied in an effort to determine whether the presence of these surface structures altered the metabolic activity of bacteria. Respiration was measured manometrically when various piliated and nonpiliated strains metabolized glucose and several Krebs-cycle intermediates. Spontaneously produced nonpiliated variants of piliated cells were examined, but no difference in the rate of either aerobic or anaerobic metabolism was observed.
Piliated and nonpiliated recombinants of a mating of Escherichia coli and Salmonella typhosa had different metabolic rates than the parent strains, but it was shown that these differences were not related to piliation. Clones of piliated and nonpiliated cells isolated from other crosses showed no difference between their respiration rate and that of either parent. Piliated and nonpiliated strains could mutate to higher rates of substrate utilization with no concomitant change in piliation.
Since respiration and piliation can mutate independently and segregate independently in genetic crosses, we therefore conclude that there is no direct physiological relationship between them.
Pili are thin, fragile appendages of bacteria, about 70 A in diameter, with varying lengths up to several microns, which grow out from the bacterial surface (Brinton, Buzzell, and Lauffer, 1954) . These hairlike appendages are composed entirely of protein and are readily purified (Brinton and Stone, 1961) . These protein structures confer additional immunological properties on the cell. The exact function of pili is as yet rather obscure. They can, however, serve as organs of attachment, probably because of their hydrophobic surface properties.
Recent studies by Brinton and Baron (1960) and have demonstrated that the piliation character can be transferred genetically from piliated (P+) to nonpiliated (P-) strains of the Enterobacteriaceae by recombination. Maccacaro and Dettori (1959) have investigated the utilization of carbohydrates and Krebs-cycle intermediates by P+ and Phybrids independently isolated from a mating between Escherichia coli Pt and E. coli Pstrains. Significant differences in 02 consumption and CO2 production with various substrates were correlated by them with differences in piliation, and interpreted as an indication of a relationship between piliation and metabolism.
It is the purpose of this paper to investigate the ability of various P+ and P-strains to utilize some carbohydrates and Krebs-cycle intermediates in order to confirm or deny a biological function of piliation in this respect.
MATERIALS AND METHODS
Bacterial strains. A number of P+ and P strains were examined; the presence or absence of pili was determined by electron microscopy (Brinton and Baron, 1960) . E. coli B-L(E) P+ and a P-strain isolated as a one-step P+ to Pvariation of B-L(E) P+ have been described in detail (Brinton, 1959) . E. coli Bam Pt and a Pr form isolated from it as a one-step P+ to P variation are similar to E. coli B-L(E) P+ and Pin that the P+ form has a smaller denser colony and produces the P-form spontaneously at a relatively high rate. The recombinant strains of an intergeneric cross between E. coli W1895 Hfr P+ and Salmonella typhosa 643L+ FP, S. typhosa diploid X30D, and its haploid segregants Brinton and Baron (1960) .
Salmonella typhimurium hybrid R7 P+ and R36 P-were independent isolates derived from an in vivo cross as reported by Schneider, Formal, and Baron (1961) . The strains employed throughout this study are listed in Table 1 .
Media. Penassay broth (Difco) and meat extract agar (MEA) were employed for the cultivation of the strains. The minimal medium used in certain experiments has been described previously (Baron, Carey, and Spilman, 1959) .
Chemicals. The carbohydrates used were obtained from Pfanstiehl Laboratories, Inc., and the chemicals from the sources listed: malic acid and sodium succinate, Fisher Scientific Co; fumaric acid, disodium salt, California Corporation for Biochemical Research.
Mlanometric experiments. Warburg experiments vere performed at 37 C using standard techniques described by Umbreit, Burris, and Stauffer (1957) . The concentrated cell suspensions were prepared by harvesting the growth from MEA plates which had been incubated at 37 C for 18 hr. The cells were harvested from the plates and suspended in 0.07 M phosphate buffer (pH 7.3). The cell suspensions were centrifuged at 4,000 X g for 10 min. The pellets were washed and resuspended in buffer three times. After the final centrifugation the concentration of the bacterial suspension was adjusted with a Klett colorimeter to a reading of 600, which corresponds to approximately 1010 cells/ml. The substrate concentrion used in the Warburg vessels was 2% for
the sugars and 0.3 % for the Krebs-cycle intermediates. The Krebs-cycle intermediates were adjusted to pH 7.0 before use.
RESULTS
The most clear-cut method of demonstrating that piliation plays some role in the metabolism of a given substrate is to investigate possible differences in respiration between the P+ and the P-forms of the same strain. Ideally, the respiration of a piliated strain should be compared with that of a spontaneously produced, nonpiliated, one-step variant which is identical to the original in all other characteristics except those associated with piliation itself (hemagglutination, autoagglutination, antigenicity, electrophoretic mobility, and colonial morphology). Two strains which approach this ideal are E. coli B-L(E) P+ and P-and E. coli Bam P+ and P-. B-L(E) P+ spontaneously produces Pforms which are similar to the parent in all other known characteristics except piliation and growth rate, which, depending on the temperature, can be either faster or slower than the P+ parent. Bam P+ spontaneously produces P-variants with the same growth rate as the P+ parent. The respiratory measurements were made on concentrated bacterial suspensions in which little or no growth occurs; therefore, any difference in growth rate between P+ and P-forms would have no effect on the results.
It can be seen (Fig. 1A ) that no significant difference was observed in the oxidative glycolysis of cell suspensions of P+ and P-variants of 
B-L(E).
The results of the anaerobic breakdown of glucose by P+ and P cells are shown in Fig.  1B , and here again the rate is similar for both.
In Fig. 2A , B, and C, the results of the oxidation of fumarate, malate, and succinate by P+ and P-cell suspensions of B-L(E) are shown. No significant difference is observed in the utilization of these substrates. The curves obtained for Bam P+ and P-are similar to those shown, indicating no difference between the P+ and P variants of this strain. Fumarate, malate, and succinate were chosen because Maccacaro and Dettori (1959) found that the greatest difference between P+ and P-cells could be demonstrated with these substrates. These authors also reported that P+ cells are more active than P cells in the oxidative breakdown of glucose, but that nonpiliated cells were more active under anaerobic conditions. However, our experiments with the piliated and nonpiliated single-step variants of E. coli B-L(E) and Bam do not confirm these results.
Two independently isolated hybrids from an in vivo cross between E. coli W1895 P+ and S. typhimurium 9Sr-2 P-, one stably piliated (R-7 P+) and the other nonpiliated (R-36 P; Schneider et al., 1961) , were compared with respect to 02 consumption using glucose, fumarate, malate, and succinate. No significant difference was observed between R-7 P+ and R-36 P-on any of these substrates.
A third group of piliated and nonpiliated bacteria was investigated. Measurements were made of the rate of utilization for glucose, malate, fumarate, and succinate by the male E. coli When washed-cell suspensions were spread on minimal media containing the appropriate substrates as the sole carbon source, two types of colonies arose: one type consisted of minute colonies, and the other type, large mutant clones which could utilize the substrate at a higher rate. These mutants occurred at a high, but variable frequency of 10-5 to 10-4 depending upon the history of the particular culture. The mutant clones which appear are probably resistant to an inhibitory effect produced by the substrate.
In Table 3 the rates of utilization for mutants of X30P, selected from fumarate plates, and for 643L+, selected from succinate and malate plates, are shown. It should be noted that mutation to higher rate of utilization for any one intermediate also permits the other intermediates tested to be utilized at a higher rate. Maccacaro and Hayes (1961) have recently isolated a strain of E. coli K12 58-161, which resembles Brinton's strains E. coli B-L(E) and E. coli Bam in being a piliated form with small dense colonies which spontaneously and irreversibly produce a nonpiliated form with larger, more translucent colonies. These authors state that no metabolic difference exists between these Bam. However, they interpret this lack of correlation between piliation and metabolic activity as being a particular property of the P+ to P type of irreversible variation, as distinguished from their "phenotypically piliated" to "phenotypically non-piliated" type of reversible variation which showed a metabolic difference.
In one attempt, involving ten serial broth transfers and agar platings of each culture, we were unable to isolate a small colony variant of our strain of E. coli K12 58-161. In our hands, 58-161 was a stably piliated strain even after ten subcultures on well-dried nutrient agar. The hemagglutinating ability of a few of the colonies was reduced but, upon restreaking, these usually regained their strong hemagglutinability.
A well-piliated culture of 58-161 showed no difference in aerobic or anaerobic metabolism of glucose, malate, fumarate, or succinate when compared with a culture of a stable nonpiliated strain, E. coli K12 200U. Furthermore, the piliated recombinants isolated from a mating between these two strains had the same metabolic activity as the parents.
DISCUSSION
It is clear from the results of respiration measurements on piliated cells and their spontaneously produced nonpiliated variants [B-L(E) P+ to B-L(E)P-, Bam, P+ to Bam P-, and X30D P+ to X30T PI-that a loss of piliation need not necessarily lead to an alteration in respiration. It is also clear that a change in respiration can occur without any change in piliation (X30D P+ to X30P P+, X30P P+ fum-to X30P P+ fum+). We may, therefore, conclude that piliation and respiration are completely independent of each other for the strains and substrates we have tested. All the observed respiratory differences can be explained by assuming that respiration is a property genetically and physiologically independent from piliation. In a cross, the two properties can segregate independently and they can also mutate independently.
The results of Maccacaro and Dettori (1959) Mlaccacaro and Dettori (1959) which seem to show some correlation between piliation and respiration in independently isolated recombinants could be interpreted to mean that there is genetic linkage between respiration and piliation. Linkage, however, is not a demonstration of a direct physiological relationship.
If, as we suppose, piliation and respiration are independent properties, then Maccacaro and Dettori's "phenotypically non-piliated" cultures obtained by serial transfer on agar from a piliated culture should respire exactly like the piliated culture, unless respiration characteristics also change on serial agar cultivation. This could explain why their "phenotypically non-piliated" cultures respire like piliated cultures under aerobic conditions. During anaerobic glycolysis these authors found that "phenotypically nonpiliated" cultures behaved like "genotypically non-piliated" cultures, rather than like piliated cultures. This is the only instance in which they examined a less piliated culture directly derived from a more piliated culture and found a respiratory difference. During the 13 transfers through which Maccacaro and Dettori's strain was passed, the respiratory properties could easily have changed independently from piliation, since we have shown that mutation to a different rate of utilization can occur on solid media independent of piliation.
